Soft-x-ray projection imaging is demonstrated by the use of 14-nm radiation from a laser plasma source and a single-surface multilayer-coated ellipsoidal condenser. Aberrations in the condenser and the Schwarzschild imaging objective are characterized and correlated with imaging performance. A new Schwarzschild housing, designed for improved alignment stability, is described.
Introduction
High-resolution soft-x-ray projection imaging has been demonstrated by the use of multilayer-coated Schwarzschild imaging objectives. 1 -3 We are continuing to investigate the characteristics of a 20x reduction Schwarzschild using 14-nm illumination provided by a laser plasma source (LPS). Although the field of view achievable with a Schwarzschild design is too small for use in a practical lithography system, 25 jlm x 50 jlm in this case, this objective is a useful tool for studying the mounting and alignment of soft-x-ray optical elements and the quality and alignment of the condensing optics.
denser has been designed and fabricated for use with a 20x Schwarzschild imaging objective. The condenser collects soft x rays from the LPS and illuminates a transmission mask that is imaged by the Schwarzschild objective onto a resist-coated wafer (see Fig. 1 ). To be compatible with the existing LPS target chamber, the condenser is located 250 mm from the LPS and reflects the soft x rays vertically upward at 900 to the incoming rays. The ellipsoidal condenser is designed to produce a 6 x magnified image of the LPS in the Schwarzschild entrance pupil, which is located nonconcentric (decentered) with respect to the mechanical axis to avoid the central obscuration. The resultant coherency factor is 0.5, based on the half-maximum diameter of the LPS. Since the brightness of the LPS decreases continuously with increasing radius away from the plasma centroid, the partial coherence produced by this source-condenser system may differ somewhat from that produced by a uniformly bright disk source of the same radius.
We measured figure errors in the ellipsoidal reflector by introducing a focused He-Ne laser beam at the object-plane focal point fA and observing the image (the point-spread function) at the image-plane focal point f2. Ray aberrations as large as 18% of the 0.08 numerical-aperture (NA) entrance-pupil radius were observed. The largest aberrations were in the sagittal direction (out of the plane of Fig. 1 ). Tangential (in-plane) condenser aberrations were 5% of the entrance-pupil radius. Condenser aberrations of this magnitude may affect image quality, although they did not appear to be the limiting factor in these experiments.
Alignment errors also introduce aberrations in the illuminating wave front. To achieve an accurate alignment, the object-plane focal point f of the ellipsoidal condenser is located off line by a He-Ne laser. A 2.5-mm aperture is attached to the condenser to function as a boresight. The aperture is centered on a line from f to the center of the condenser and is located at an axial distance of 20 mm in front of fA. When the condenser with attached bore sight is placed in the experimental chamber, visible emission from the LPS casts a shadow of the bore sight onto an aperture plate covering the condenser. Lateral alignment is achieved to an accuracy of approximately ±0.5 mm by centering the shadow on the aperture plate. Finally, the axial position of the condenser is adjusted for best focus of the soft x rays on a scintillating screen at the entrance pupil of the Schwarzschild. This simple alignment scheme is accurate enough to ensure that the condenser aberrations that are due to alignment errors do not exceed those that are due to figure errors.
Imaging Objective
The elements of the imaging objective must be aligned with great precision to achieve diffraction-limited performance within an off-axis subaperture of NA 0.08. In this design, the nominal separation of the two spherical mirrors must be achieved to an accuracy of ±5 jim, and the decentration of one element relative to the other must not exceed 2 jim. Imaging results in previous experiments indicate that these tolerances were achieved, but we were not successful in maintaining the alignment over long periods of time when using the original mounting scheme.
A new approach to mounting and aligning the elements has been developed in which the convex primary mirror is kinematically mounted (spring loaded with minimal induced stresses) against a three-leg spider that contacts the optical surface (see Fig. 2 ). A small motion of the spherical primary relative to the spider results in a rotation of the mirror about its center of curvature. The alignment is not affected by this type of motion, which may occur because of temperature changes or other environmental conditions. The concave secondary mirror is also kinematically mounted against the optical surface at three small contact regions that are precision machined to match the curvature of the mirror. Movement of the secondary relative to the three contact regions results in a rotation of the secondary about its center of curvature.
For proper alignment, the centers of curvature of the two mirrors must be located with the prescribed separation and centration relative to the mechanical axis of the objective. A spider carrying the primary is mounted on a gimbal ring that is attached to the housing through two sets of orthogonal flexure pivots. The center of rotation of the gimbal is displaced axially from the center of curvature of the primary mirror, so that movement of the gimbal results in a leveraged lateral translation of the primary. Additional leverage is provided by a mechanical linkage that connects the gimbal ring to an adjustment screw. The axial separation of the two Schwarzschild mirrors is adjusted by lapping precision surfaces on pillow blocks that carry one set of flexure pivots.
Precise alignment is achieved with a Zygo Mark IVxp interferometer. The wave-front error in the objective is measured at 633 nm by a double-pass arrangement. A transmission sphere provides an expanding spherical wave at the slow (mask) end of the objective. At the fast (wafer) end, a return sphere reflects the wave back through the objective, doubling the wave-front error. To adjust the axial separation of the two mirrors, the relevant surfaces are lapped, and the wave-front error is measured in the full parent aperture of the Schwarzschild. This process is repeated until primary spherical aberration is removed. At each iteration the gimbal is adjusted in two dimensions to remove primary coma. Figure errors in the Schwarzschild elements were also observed interferometrically. The peak-tovalley errors were measured at 1/20 wave at 633 nm. While this value represents a very high-quality objective at visible wavelengths, the wave-front errors are more than two waves at the operational wavelength of 14 nm. The figure errors describe a pattern of ring-shaped ridges and valleys that is approximately concentric with the axis of the objective, suggesting that the circular zones were formed in the fabrication process. While the zonal structures introduce wavefront errors primarily in the radial direction, some variation is observed azimuthally as well. The decentered aperture was set to an azimuthal position, where the zonal errors are minimized. In this objective, the best regions contain wave-front errors of one 14-nm wave in the NA 0.08 subaperture. Since the reference sphere and return sphere are certified to 1/30 wave at 633 nm, the uncertainty in the interferometric measurement is of the order of the measured value.
Imaging Results
Images of a transmission mask were recorded on silicon wafers coated with poly(methyl methacrylate) resist 400 to 600 A in thickness. The transmission mask consists of a 7000-A silicon membrane containing a germanium template created by e-beam lithography and reactive-ion etching. Lines and spaces included in the mask are 10, 7.5, 5, 4, 3, 2, and 1 im in width, which image at a 20:1 reduction to 0.5-, 0.375-, 0.25-, 0.2-, 0.15-, 0.1-, and 0.05-jLm lines and spaces, respectively. The overall dimension of the mask is 0.5 mm 2 . Resist-coated wafers were placed on three ball bearings, which locate the image plane, and were exposed for 1 min.
A scanning electron microscope image of the developed resist is shown in Fig. 3 . This image is oriented with the sagittal direction in the vertical and tangential in the horizontal. All lines and spaces equal to or greater than 0.15 jim are fully cleared in the lower pattern, where most of the high spatial-frequency content lies in the sagittal direction. High-contrast modulation is observed at 0.1 Am in this orientation. However, the resolution in the tangential direction (upper pattern) is much lower, showing degradation by a factor of 5. These observations are consistent with the concentric zonal figure errors observed interferometrically. In the decentered entrance pu- pil, the zonal errors appear as one-dimensional corrugations running in the sagittal direction. The aberrations cause a greater degradation where the fine structure runs across the zonal corrugations.
To understand the observed imaging results better, we performed ray-tracing calculations. Zonal figure errors were approximated in a single-lens imaging system with a NA of 0.08 by introducing a onedimensional higher-order spherical aberration in the tangential direction. The magnitude of the aberration [see Fig. 4(a) ] was set at one wave to approximate the zonal errors at the best locations for the subaperture. In Fig. 4(b) the modulation transfer function, computed in the incoherent limit with the SUPER-OSLO computer program, is shown for both directions. The performance is diffraction limited in the sagittal direction, while the half-maximum bandwidth was reduced by a factor of 5 in the tangential direction. These results are consistent with the reduction in resolution observed in the soft-x-ray images. 
Summary
We have demonstrated the use of a single-surface ellipsoidal condenser in soft-x-ray projection lithography. Coherent artifacts are removed when appropriate condensing optics are used with a LPS. While this objective did not image as well as previous objectives, two significant observations can be made from these results. First, the image is free of coherent artifacts observed in the past by the use of coherent radiation from both synchrotron and plasma sources. Second, the new objective housing has achieved a significant improvement in the alignment stability.
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